Influence of microstructure on high-stress abrasive wear behaviour of a microalloyed steel  by Bhattacharya, Ankita et al.
PI
a
s
A
D
T
R
A
I
M
n
r
f
(
h
2
lerspectives in Science (2016) 8, 614—617
Available  online  at  www.sciencedirect.com
ScienceDirect
j our na l homepage: www.elsev ier .com/pisc
nﬂuence  of  microstructure  on  high-stress
brasive  wear  behaviour  of  a  microalloyed
teel
nkita  Bhattacharya ∗,  Anupam  Bagdi,  Debdulal  Das
epartment  of  Metallurgy  and  Materials  Engineering,  Indian  Institute  of  Engineering  Science  and
echnology, Shibpur,  Howrah  711103,  West  Bengal,  India
eceived  20  February  2016;  received  in  revised  form  12  June  2016;  accepted  13  June  2016
vailable online  4  July  2016
KEYWORDS
High-stress  abrasive
wear;
Microalloyed  steel;
Heat  treatment;
Microcutting;
Microstructure-
property
correlation
Summary  This  investigation  examines  two-body  abrasive  wear  behaviour  of  ferrite—pearlite
(FP), ferrite—bainite  (FB)  and  ferrite—martensite  (FM)  microstructures  of  a  microalloyed  steel
with nearly  same  amount  of  second  phase/phase  mixture  to  understand  the  role  microstructure
on high-stress  abrasive  wear  performance  of  steel.  Wear  tests  of  differently  heat  treated  speci-
mens against  SiC  abrasive  paper  have  been  conducted  over  a  wide  range  of  sliding  distance  and
normal load.  This  has  been  supplemented  by  the  examinations  of  worn  surfaces  and  generated
wear debris  in  addition  to  the  characterization  of  microstructures  and  evaluation  of  mechan-
ical properties.  It  has  been  observed  that  for  all  type  of  microstructures,  wear  rate  increases
with increasing  load  but  remains  constant  with  sliding  distance.  Interestingly,  the  magnitude
of wear  rate  at  any  particular  wear  condition  is  found  to  decrease  considerably  in  the  order
of FP,  FB  and  FM  structure  due  to  increased  resistance  to  plastic  deformation  and  microcutting
encountered  during  the  course  of  abrasion.
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ntroductionicroalloyed  steels  are  designed  to  provide  desirable  combi-
ation  of  properties  such  as  strength,  toughness,  formability
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nd  weldability  which  are  achieved  by  addition  of  small
mount  of  alloying  elements  like  Cu,  Ti,  V,  Cr,  etc.  Mechan-
cal  properties  of  steels  are  governed  by  the  type,  amount
nd  distribution  of  various  phases  present  in  the  structure;
hese  are  determined  by  the  processing  history  like  heat
reatment  schedule  (Mutton  and  Watson,  1978).  Abrasive
ear  is  one  of  the  most  common  causes  of  failure  of  engi-
eering  components  like  slurry  pumps,  cyclones,  crushers,
ears,  bulldozer  blades,  etc.  (Izciler  and  Tabur,  2006).  A
ariety  of  parameters  such  as  microstructure  and  mechan-
cal  properties  as  well  as  load,  sliding  distance,  velocity
nd  abrasive  particle  size  encountered  during  application
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Figure  1  Cumulative  weight  loss  (CWL)  and  average  coefﬁ-
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10−5 g)  prior  to  and  after  each  tests.  The  roughness  of  the
worn  surface  has  been  measured  by  a  3-D  optical  proﬁler.Inﬂuence  of  microstructure  on  high-stress  abrasive  wear  beh
is  known  to  inﬂuence  the  abrasive  wear  performance  of
a  material  (Dwivedi,  2004).  Despite  a  variety  of  engineer-
ing  components  subjected  to  abrasion  during  service,  only
a  very  few  studies  have  been  directed  to  understand  the
role  of  constituent  phases  on  wear  performance  of  multi-
phase  steel  (Modi,  2007).  In  the  present  study,  an  attempt
has  been  made  to  examine  the  inﬂuence  of  nearly  equal  vol-
ume  of  second  phase/phase  mixture  on  high-stress  abrasive
wear  behaviour  of  a  low  carbon  microalloyed  steel.
Material and microstructures
The  selected  material  for  this  investigation  is  a  com-
mercial  steel  containing  Fe—0.21C—0.25Si—1.30Mn—
0.007S—0.011P—0.22Ni—0.20Cr—0.14Mo—0.004V—0.012Cu
(all  in  wt.%).  The  specimens  have  been  subjected  to  three
different  type  of  heat  treatment  schedules  comprising
of  solutionizing  at  900 ◦C  for  1  h  followed  by  (i)  furnace
cooling  to  generate  ferrite—pearlite  (FP)  structure,  (ii)
isothermal  holding  at  450 ◦C  for  1  h  and  then  air  cooling
for  the  development  of  ferrite—bainite  (FB)  structure,  and
(iii)  intercritical  annealing  in  two-phase  region  at  725 ◦C
for  1  h  and  water  quenching  to  produce  ferrite—martensite
(FM)  structure.  Developed  microstructures  exhibit  uniform
distribution  of  second  phase/phase  mixture  in  polygonal
ferrite  matrix.  The  volume  percents  of  pearlite,  bainite  and
martensite  are  found  to  be  37.7,  38.5  and  38.6,  respectively
as  determined  by  image  analyses  technique.
Mechanical properties
The  bulk  hardness  values  of  differently  heat  treated  samples
have  been  measured  at  the  indentation  load  of  295  N  and  the
dwell  time  of  10  s with  the  help  of  a  Vickers  hardness  tester.
Tensile  properties  have  been  evaluated  following  ASTM  E8M
standard  using  round  tensile  specimens  with  25  mm  gauge
length  at  room  temperature  and  strain  rate  of  10−3 s−1.  The
obtained  results  assist  to  conclude  that  bulk  hardness  and
strength  increase  at  the  cost  of  ductility  in  the  order  of  FP,
FB  and  FM  structures.
Abrasive wear behaviour
Two-body  abrasive  wear  tests  have  been  performed  using
cylindrical  (6  mm  diameter  and  40  mm  length)  pin  speci-
mens  of  differently  heat  treated  steel  against  waterproof
SiC  abrasive  paper  ﬁrmly  ﬁxed  on  the  hardened  steel  disc
with  the  help  of  a  pin-on-disc  tribometer  (Ducom,  TR-20LE)
under  dry  condition  at  room  temperature  and  a  constant
sliding  velocity  of  1  m  s−1.  Each  test  has  been  conducted
only  for  20  s duration,  i.e.,  sliding  distance  (SD)  of  20  m.
This  selection  is  based  on  preliminary  tests  that  conﬁrm  no
appreciable  degradation  of  abrasive  efﬁciency  of  SiC  papers
for  the  investigated  ranges  of  load  and  abrasive  grit  size.
Tests  for  longer  sliding  distances  have  been  conducted  using
fresh  abrasive  papers  after  each  20  m  of  sliding  distance.
Pre-determined  normal  load  has  been  applied  on  the  spec-
imen  by  a  cantilever  method  and  the  frictional  force  has
been  digitally  recorded  with  the  help  of  a  load  sensor.  Prior
to  abrasion  test,  the  test  face  of  the  pin  specimens  has
F
f
Fient of  friction  (CoF)  as  functions  of  sliding  distance  for  FP,  FB
nd FM  structures.
een  polished  down  to  1200  grit  emery  paper.  The  specimens
ave  been  thoroughly  cleaned  in  acetone  using  a  ultrasonic
leaner,  dried  and  weighted  in  a  microbalance  (accuracyigure  2  Effect  of  normal  load  on  (a)  wear  rate,  and  (b)  mean
rictional  coefﬁcient  and  mean  surface  roughness  of  FP,  FB  and
M structures.
616  
Figure  3  (a)  and  (b)  illustrate  representative  SEM  micro-
graphs of  worn  surfaces  of  FP  samples  tested  at  normal  load
of 29.4  and  88.3  N,  respectively.  Insets  in  (a)  and  (b)  are  SEM
m
T
e
v
c
l
e
o
m
c
c
C
m
s
f
i
p
o
s
m
f
m
r
p
c
w
a
s
c
c
e
i
s
t
a
i
t
w
g
s
F
m
a
t
d
g
w
a
o
s
c
p
t
p
C
•
•
A
T
l
i
R
C
Dicrographs  of  wear  debris.
he  worn  surfaces  and  collected  wear  debris  have  been
xamined  using  SEM.
Fig.  1  shows  the  effect  of  sliding  distance  (SD)  on  the
ariations  of  the  cumulative  weight  loss  (CWL)  and  coefﬁ-
ient  of  friction  (CoF)  of  three  structures  under  constant
oad  and  abrasive  size.  The  CWL  is  found  to  vary  lin-
arly  with  SD  indicating  that  the  wear  rate  is  independent
n  SD  for  the  selected  steel  irrespective  of  the  type  of
icrostructures.  Average  CoF  is  also  found  to  be  roughly
onstant  with  respect  to  SD,  if  one  considers  the  asso-
iated  standard  error.  However,  the  magnitudes  of  both
WL  and  CoF  vary  with  the  type  of  second  phase/phase
ixture;  these  aspects  are  elaborated  in  the  subsequent
ub-sections.
The  effect  of  load  on  abrasive  wear  behaviour  of  dif-
erent  microstructures  of  the  chosen  microalloyed  steel  is
llustrated  in  Fig.  2  The  wear  rate,  deﬁned  as  volume  loss
er  unit  SD,  has  been  calculated  by  estimating  the  slope
f  CWL  versus  SD  (Fig.  1)  and  considering  the  density  of
teel  as  7.85  g  cm−3.  The  results  in  Fig.  2  reveal  that  the
agnitudes  of  wear  rate  and  roughness  of  the  worn  sur-
ace  increase  while  CoF  values  decrease  for  all  types  of
icrostructures  with  increasing  load  within  its  investigated
ange.  Higher  load  yields  deeper  penetration  of  abrasive
articles  into  the  test  specimen  causing  larger  depth  of
ut  resulting  in  higher  wear  rate  and  generation  of  rough
orn  surface  (Katsuki  et  al.,  2008).  During  the  course  of
brasion,  the  contact  surfaces  and  sub-surfaces  of  steel
IA.  Bhattacharya  et  al.
pecimens  also  undergo  work  hardening,  while  capping,
logging,  attrition  and  shelling  of  the  abrasive  decreases  the
utting  efﬁciency  of  the  abrasive  particles  (Modi,  2003).  The
xtent  of  these  dynamic  alterations  enhances  with  increas-
ng  load  resulting  in  lowering  of  CoF.  Examinations  of  worn
urfaces  and  carefully  collected  wear  debris  suggest  that
he  extent  of  plastic  deformation  of  contact  surfaces,  and
brasive  induced  microcutting  and  microploughing  actions
s  enhanced  with  increasing  load.  Since,  the  worn  surfaces
ested  at  higher  load  exhibit  fracture  ridges,  deeper  and
ider  wear  grooves  and  scratch  marks  in  addition  to  the
eneration  of  much  longer  and  thicker  machining  chip-
haped  fragments  in  the  wear  debris  (Fig.  3(a)  vis-a-vis
ig.  3(b)).  The  main  mechanisms  of  abrasion  are  identiﬁed  as
icroploughing,  microcutting  and  microfatigue  (Coronado
nd  Sinatora,  2009).  The  results  in  Fig.  2  also  reveal  that
he  magnitudes  of  WR,  CoF  and  roughness  of  worn  surface
ecrease  in  the  order  of  FP,  FB  and  FM  structure  at  any
iven  load.  These  results  assist  to  conclude  that  abrasive
ear  performance  of  the  selected  steel  enhances  in  the
scending  order  of  pearlite,  bainite  and  martensite  as  sec-
nd  phase/phase  mixture  in  ferritic  matrix  of  the  selected
teel.  This  is  because  of  the  harder  martensite  carries  signiﬁ-
antly  higher  stress  as  compared  to  that  of  the  relatively  soft
earlite  or  bainite  and  thereby,  it  offers  better  protection  to
he  softest  ferrite  phase  from  the  abrasive  action  of  the  SiC
articles.
onclusions
 For  all  types  of  structures,  abrasive  wear  rate  and  rough-
ness  of  the  worn  specimens  increase  but  the  coefﬁcient
of  friction,  in  general,  decreases  with  increasing  load.
Microploughing,  microcutting  and  microfatigue  are  the
main  mechanisms  of  abrasive  wear.
 High-stress  abrasive  wear  performance  of  microal-
loyed  steel  enhances  in  the  order  of  ferrite—pearlite,
ferrite—bainite  and  ferrite—martensite  microstructures.
Improved  wear  resistance  of  ferrite—martensite  structure
is  due  to  presence  of  harder  martensite  phase  that  pro-
tects  the  soft  ferrite  phase  more  than  that  offered  by
pearlite  and  bainite  phase  mixture.
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